The stake-holders in the quad-bike (QB) industry in Australia have failed to reach a satisfactory resolution of the present impasse that exists with respect to the causes and mitigation of the trauma suffered by riders due to QB instability. In an effort to provide purchasers with data enabling them to discriminate between safer and less safe machines, static longitudinal and lateral tests have been conducted by various interested parties; quasi-static lateral tests have also been conducted under some operational conditions. It is argued that while these static tests are valid, under many operating conditions QBs will not reach such unstable slopes due to poor traction. Further, these tests do not include the quasi-static and dynamic factors which also influence the processes associated with operational instability. For these reasons, the static tests do not provide an adequate basis for discrimination between safer and less safe machines.
Introduction
The widespread use of quad bikes (QBs) or All-terrain Vehicles (ATVs) in agriculture, industry and recreation suggests that they meet the need for light, mobile transport for both people and goods. However, the number of trauma cases associated with their use, the inability of the stake-holders (manufacturers, dealers, users and advisors) to reduce these, and the stand-off between these parties suggests that a new approach is called for.
The context of this paper may therefore be seen in the following:
1.
The trauma and death that occurs annually with QBs in Australia. In the period 2001-2010, there were 124 fatal QB-related incidents in Australia. Two-thirds of these fatalities occurred on farms, with about half involving roll-overs sideways (Lower et al.) [1] . 2.
The circumstances of these incidents are as varied as the riders who experience them-anybody from mature adults with much experience but little formal rider education and varied intuition, to young and inexperienced although perhaps educated riders with 'gung-ho' attitudes.
3.
The failure of most QB manufacturers to provide any roll-over, tip-up or pitch-over protection. This is perhaps because the risk of instability is not seen as an inherent problem in the design and operation of most machines used in off-road environments. Rather, it is considered that the problems can be avoided, or at least mitigated, by seeking evolutionary modifications that would make the machine safer, and by providing more education and protective items for the rider. 4 .
The need for the design and promotion of commercial Roll-over Protective Structures (ROPS) as part of the original design, as based on the well-established principle of energy absorption use within the structure to mitigate the impact and resulting trauma.
5.
The failure of Governments to mandate the fitting of ROPS. The wide diversity of opinions between the stake-holders leaves Governments unable, perhaps more on political than policy grounds, to mandate the fitting of ROPS to all (or most) QBs. Or is it that, notwithstanding the widespread interest, the problem has not been adequately defined, nor the way ahead clarified? The trauma noted above results largely from the instability of QBs under the action of static and dynamic forces, particularly when travelling on slopes. The static instability angles, which represent the simplest measures of instability, have been measured in static tests by Grzebieta et al. at the University of New South Wales (UNSW) and are used to rank QBs according to their propensity to become unstable [2] .
However, the present paper, which is based on the results of that work, suggests that in many situations and particularly on agricultural soils, QBs will not be able to reach or operate on such slopes due to (rotational) wheel-slip (in the longitudinal direction) or side-slip (in the lateral direction). Further, the simple static angles do not consider the quasi-static and dynamic effects that also influence operational instability. It will be concluded that for the above reasons, the simple static angles are not a suitable basis for ranking QBs according to their operational instability, and are unlikely to provide a valid basis for the selection of safer machines.
Quad Bikes as Off-Road Machines
Machines such as tractors and QBs are in a class known as 'off-road' vehicles-a class which also includes military and earth-moving machines. These all differ from road vehicles in that they operate at relatively low speeds on unprepared surfaces, often under relatively heavy draw-bar or carried loads. Notwithstanding these differences, they have much in common, not least of which is the need for all-round protection of the rider in the case of instability.
Their operation and performance is dependent on the land-forms that they traverse, on the properties of the surface (soil) on which they operate, and on the attachment and operation of any implements. Tractors and QBs mainly work on 'agricultural', 'organic', or 'top' soils; although these soils are often in a compacted condition, they are 'weak' and hence 'fail', causing immobility in the process generally known as 'wheel-slip'.
As a sub-class, QBs usually work in un-or lightly-loaded conditions, often travel faster than most other vehicles in their class, and operate over more variable land-forms. They are also relatively light-weight and the presence of the rider and any carried load influences the height of the centre of gravity (CoG), which may influence (to a small degree, for good or ill) the longitudinal and lateral position. All of these factors, to a greater or lesser degree, influence the vehicle's stability profile.
Impacts of such vehicles with structures and other vehicles are not uncommon and generally involve humans in some way. Hence, through their overall design, we seek to minimise the damage to the areas suffering the actual impact, and in particular to the humans involved.
In the crashes of road vehicles, impacts are usually with other vehicles or roadside structures. However, with off-road vehicles such as tractors and QBs, the initial impact is often with the ground in a longitudinal 'tip-up' or a lateral 'roll-over'. Without some form of structural protection, such as that of so-called 'safety frames' which are now common on tractors, the driver is largely unprotected and is often injured or even killed.
Of course, changes that could improve the basic static stability are already well known-lower the CoG and widen the wheel track. These could be adopted, but they would involve significant design changes such as lowering the ground clearance and increasing the operational width; both are seen as undesirable, if not unacceptable.
QB Operation and Instability
QB operation depends on the tractive capacity of the wheel/surface interface in the tangential direction to drive the QB forward or rearward and in the transverse direction, allowing the QB to operate on slopes and in cornering.
The simple theoretical analysis and tilt-table tests, though valid, only show the static stability of the QB with wheels locked to prevent rotation in tip-up tests, and with some arrangement to prevent the tyres slipping in both tip-up and roll-over tests. This is quite inadequate to represent the operational conditions under which most QB instability occurs.
This operational instability, which should ideally be the basis for the selection of the most stable machine, is highly complex and dynamic. It depends not only on the dimensional parameters of the machine, but also on its inertial parameters defined by its mass, for linear effects, and its mass moment of inertia for rotational effects. The latter are superimposed on the static and quasi-static parameters, giving an overall process that is difficult to model in the laboratory or on the computer.
In addition to this complexity in the behaviour of the QB as a machine, we also need to recognise the complexity of the interaction of the machine with the surface on which it is operating. That interaction involves both the normal (perpendicular) reaction and the shearing (tangential) reaction on the wheel/soil interface.
The simple, non-dimensional measure of the strength of the soil is the 'traction coefficient' (analogous to the 'friction coefficient' between dry surfaces); it is based on the ratio of the maximum shearing force (strength) of the soil to the corresponding normal force and is usually given the symbol tan θ. The values for typical agricultural soils are shown in Figures 1 and 3 [3] .
The normal operation of the QB occurs if the strength of the soil/wheel interface exceeds the forces imposed on it by the QB; it thus proceeds on its way. If not, the wheels of the QB may slip rotationally or slide sideways; hence (in static or quasi-static terms), the QB will not reach or remain on the slope. However, assuming the wheels do not slip or slide, if the forces on the chassis from the normal wheel reactions and the engine torque are sufficient, the QB may tip up or roll over.
In the present paper, the significance of the static angles for rearward and lateral instability of the eight work QBs as presented by Grzebieta et al. will be considered relative to the limitation that traction conditions impose on the operation of QBs on slopes [2] . The further limitation of quasi-static and dynamic factors, which also influence the operational instability, are then considered.
The control of forward motion down a slope depends on the availability of engine and wheel braking, which in turn depends on which wheels are braked and the strength of the wheel/soil interface. Hence, the QB may brake, slide bodily with locked wheels, or run out of control and perhaps tip when it hits an immovable object or runs down a steeper part of the slope. Its instability will thus be a much more dynamic process than the other modes and, because it requires data that is not available, it will not be considered further.
Longitudinal Rearward Operational Instability
A more detailed analysis of a QB in a condition of impending rearward longitudinal instability is presented in Appendix A as an extension of the simple analysis given by Macmillan [4] . It gives expressions for the slopes that are required to bring the QB to operational instability under static and quasi-static conditions.
It should be noted that a rear wheel drive vehicle will not tip as a rigid body (as the static tests might suggest); rather, the chassis will tip about the rear axle, purely as a result of the moment on it that acts as a reaction to the moment on the wheels, plus any other forces with a moment about the rear axle.
The former moment arises from all the static and quasi-static forces resisting the motion of the vehicle up the slope, viz:
• static: the component of the weight down the slope; • quasi-static: the rolling resistance of the wheels and any drawbar pull (the latter is not included here).
Static Effects
As shown in Figure A1 , Appendix A, when the front wheels leave the ground, the angle of slope α for impending static instability, represented by tan α, is given by the ratio of the distance of the CoG in front of the rear axle (x g ) to the height of the CoG perpendicular to the ground surface (r, radius of the wheel + y g , the height of the CoG above the rear axle).
This definition is identical to the 'Tilt Table Ratio ' as defined and measured in the UNSW tests and analysed below [2] . The ranges of the slope values (plotted as tan α) measured under five loading conditions (shown in Table A1 , Appendix B as cargo capacity) for the eight work QBs with locked wheels and a dummy rider (where shown) are plotted in Figure 1 .
This Figure shows that for most loading conditions, the slope (tan α), for rearward static instability exceeds the traction coefficient (tan θ). Hence the wheels will slip and the QB will never reach these angles; using these to choose a more stable make will not be useful.
Further, this Figure also shows that the variation in the rear tip-up angles within the eight QBs is some ±10% of the mean values-a result that is not surprising since the QBs all have similar features and layout. While this data shows real differences, it is arguable whether these are large enough to have a significant influence on purchasers in their choice between safer and less safe vehicles. If they are not, it is unlikely to have a significant effect on the evolution of the designs towards safer vehicles. 
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This definition is identical to the 'Tilt Table Ratio' as defined and measured in the UNSW tests and analysed below [2] . The ranges of the slope values (plotted as tan α) measured under five loading conditions (shown in Table A1 , Appendix C as cargo capacity) for the eight work QBs with locked wheels and a dummy rider (where shown) are plotted in Figure 1 .
Further, this Figure also shows that the variation in the rear tip-up angles within the eight QBs is some ±10% of the mean values-a result that is not surprising since the QBs all have similar features and layout. While this data shows real differences, it is arguable whether these are large enough to have a significant influence on purchasers in their choice between safer and less safe vehicles. If they are not, it is unlikely to have a significant effect on the evolution of the designs towards safer vehicles. Interestingly, what the graph does show is the significant effect of the presence of the rider and the loading arrangements on static instability. The effect of load-position is about the same magnitude as the variation between the most stable and least stable machines. In other words, the least stable machine with front load is about as stable as the most stable machine with rear load; tan α = 0.8. A QB with a front load will be as, or more stable, than any QB with a rear load.
Whether active riding will have a significant effect on the static stability will be determined by the ability of the rider to move their CoG far enough forward to make a significant difference to the weight distribution.
Quasi-Static Effects
As shown in Appendix A, when the contribution of the rolling resistance of the wheels to the moment on the chassis is included (by the introduction of the term x'), the lower and more realistic tipping angle tan α' is given by:
The rolling resistance (represented by x') will be a function of:
 the weight of the QB: ±30% for the eight work machines tested by UNSW as shown Table A1 ;  the type of tyres;  the condition (particularly the deformability) of the soil surface.
In operation, each of these factors will have the effect of altering the rear tip-up angle; this will be confounded with the static effect. In other words, machines with greater rolling resistance and hence greater moment on the chassis may have greater operational instability (lower tan α' values); this is despite having a higher static stability as shown by higher tan α values.
Weak, deformable soils may therefore have two opposing effects-a high rolling resistance, hence a high engine torque and tendency to tip up, but also a greater tendency for the wheels to slip. Interestingly, what the graph does show is the significant effect of the presence of the rider and the loading arrangements on static instability. The effect of load-position is about the same magnitude as the variation between the most stable and least stable machines. In other words, the least stable machine with front load is about as stable as the most stable machine with rear load; tan α = 0.8. A QB with a front load will be as, or more stable, than any QB with a rear load.
• the weight of the QB: ±30% for the eight work machines tested by UNSW as shown In operation, each of these factors will have the effect of altering the rear tip-up angle; this will be confounded with the static effect. In other words, machines with greater rolling resistance and hence greater moment on the chassis may have greater operational instability (lower tan α' values); this is despite having a higher static stability as shown by higher tan α values.
Weak, deformable soils may therefore have two opposing effects-a high rolling resistance, hence a high engine torque and tendency to tip up, but also a greater tendency for the wheels to slip. This latter effect, of course, is the saving feature of many off-road vehicles where the traction conditions are not good enough to implicate vehicle instability. Again, this illustrates why the static analysis is inadequate as a measure of operational instability.
Dynamic Effects
On the basis of the above discussion of static and quasi-static effects, it is clear that many QBs may never reach an unstable slope. So, how do they come to instability? The process is much more complex than the simple theoretical analysis suggests, and more dynamic than the static tilt-table illustrates.
The QB chassis may also be subject to dynamic effects such as:
• a reactive moment on the chassis, arising from:
a linear acceleration of the chassis up the slope; a rotational acceleration of the driving wheels.
• an impulse on the front wheels, perpendicular to the slope, having a moment about the rear axle.
Given these inertial effects, the instability of a QB may be influenced not only by the static and quasi-static effects discussed above, but also by its mass and mass moment-of-inertia about the rear axle. However, the mass moment of inertia values are not known; thus, for the purposes of this argument, we must, pro tem, seek a surrogate variable that will illustrate the differences between the various QBs. Using the variables shown in Figure A1 (which provides a measure of the moment of inertia about the rear axle,) gave a significant linear and highly correlated relationship between these two variables (correlation coefficient 0.98); this justifies the use of mass for this argument. Figure 2 shows the variation in the slope (tan α) for rear tip-up plotted against stand-alone mass for the eight work QBs tested by UNSW. A similar result is obtained if, for example, maximum operating mass is used. 
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This latter effect, of course, is the saving feature of many off-road vehicles where the traction conditions are not good enough to implicate vehicle instability. Again, this illustrates why the static analysis is inadequate as a measure of operational instability.
Dynamic Effects
 a reactive moment on the chassis, arising from: o a linear acceleration of the chassis up the slope; o a rotational acceleration of the driving wheels.
 an impulse on the front wheels, perpendicular to the slope, having a moment about the rear axle.
Given these inertial effects, the instability of a QB may be influenced not only by the static and quasi-static effects discussed above, but also by its mass and mass moment-of-inertia about the rear axle. However, the mass moment of inertia values are not known; thus, for the purposes of this argument, we must, pro tem, seek a surrogate variable that will illustrate the differences between the various QBs. Using the variables shown in Figure A1 , a plot of M versus the parameter M. [(xg 2 + yg 2 )] (which provides a measure of the moment of inertia about the rear axle,) gave a significant linear and highly correlated relationship between these two variables (correlation coefficient 0.98); this justifies the use of mass for this argument. Figure 2 shows the variation in the slope (tan α) for rear tip-up plotted against stand-alone mass for the eight work QBs tested by UNSW. A similar result is obtained if, for example, maximum operating mass is used. Figure 2 also shows that the work QBs, which have a ±10% variation in static longitudinal instability angle, tan α, could be expected to have a ±30% variation in mass moment of inertia. Inertia effects will therefore be confounded with the static effects, confirming what is already knownoperational instability is a complex function of both QB design and operation.
While tan α is a valid and suitable parameter to determine static rear longitudinal instability, the small variation between makes will not provide a significant guide to operational instability. Further, because the actual tip-up process also includes significant quasi-static and dynamic factors, we must conclude that the static values will not provide a reliable basis for discrimination between Figure 2 also shows that the work QBs, which have a ±10% variation in static longitudinal instability angle, tan α, could be expected to have a ±30% variation in mass moment of inertia. Inertia effects will therefore be confounded with the static effects, confirming what is already known-operational instability is a complex function of both QB design and operation. While tan α is a valid and suitable parameter to determine static rear longitudinal instability, the small variation between makes will not provide a significant guide to operational instability. Further, because the actual tip-up process also includes significant quasi-static and dynamic factors, we must conclude that the static values will not provide a reliable basis for discrimination between less stable and more stable QBs.
Lateral Instability
In terms of lateral instability, the QB will act much more like a rigid body than it does for longitudinal instability. Hence, the two static requirements for instability are as follows:
(i) The component of the (static) weight down the slope, plus any (effectively quasi-static) forces through the CoG (such as the centrifugal 'force' during turning) and any dynamic inertial forces arising from sliding impact on a resisting object, must fall outside the base. (ii) The lateral force at the wheel/surface contact patch must not exceed the shearing strength (represented by tan γ, the 'lateral coefficient',) at that interface.
Static and Quasi-Static Effects
In driving across a slope, the above requirement in (i) is well understood from basic mechanics of a rigid body and, to a first order, is not influenced by the mechanics of the drive train.
As shown in Appendix B, for a QB with track width t and height of CoG, (r + y g ), the angle of impending instability by rolling over (γ), represented by the upper wheels leaving the ground, is given by:
This definition is identical to the 'Static Stability Factor' as defined by UNSW [2] . Figure 3 shows the ranges of measured static roll-over angles (plotted as tan γ) under five loading conditions (shown in Table A1 , Appendix B as cargo capacity) for the eight work QBs tested by UNSW [2] . In terms of lateral instability, the QB will act much more like a rigid body than it does for longitudinal instability. Hence, the two static requirements for instability are as follows:
As shown in Appendix B, for a QB with track width t and height of CoG, (r + yg), the angle of impending instability by rolling over (γ), represented by the upper wheels leaving the ground, is given by:
This definition is identical to the 'Static Stability Factor' as defined by UNSW [2] . Figure 3 shows the ranges of measured static roll-over angles (plotted as tan γ) under five loading conditions (shown in Table A1 , Appendix C as cargo capacity) for the eight work QBs tested by UNSW [2] . The results suggest that among these there is some ±10% variation from the mean angle of slope for static lateral instability. This is also a small variation for prospective purchasers to use to discriminate between more stable and less stable makes. The results also suggest that for all loading arrangements, there is little to choose between QB makes, as all are about as likely to roll over as they are to slide off.
Considering (ii) above, if the lateral force that can be generated at the wheel/surface interface (also represented by tan θ) is exceeded on a slope before the roll-over angle (tan γ) is reached, the vehicle will slip sideways and will not roll over as a result of the static forces alone. This of course may bring its own issues of control, and a resultant dynamic instability.
In comparison with the results shown in Figure 1 , these results also confirm the anecdotal evidence that QBs are more likely to roll over than they are to tip up. The presence of the rider and The results suggest that among these there is some ±10% variation from the mean angle of slope for static lateral instability. This is also a small variation for prospective purchasers to use to discriminate between more stable and less stable makes. The results also suggest that for all loading arrangements, there is little to choose between QB makes, as all are about as likely to roll over as they are to slide off. Considering (ii) above, if the lateral force that can be generated at the wheel/surface interface (also represented by tan θ) is exceeded on a slope before the roll-over angle (tan γ) is reached, the vehicle will slip sideways and will not roll over as a result of the static forces alone. This of course may bring its own issues of control, and a resultant dynamic instability.
In comparison with the results shown in Figure 1 , these results also confirm the anecdotal evidence that QBs are more likely to roll over than they are to tip up. The presence of the rider and the loads carried significantly reduce the stability, although, as might be expected, the fore-and-aft variation in the loading arrangements has little effect on the static lateral instability.
Dynamic Effects
Any dynamic moment on the chassis, acting about the contact of the ground and lower wheels, may add to the static and quasi-static effect and increase the likelihood of lateral instability. This moment may be caused by:
• an impulse (perpendicular to the surface) on the upper wheels; • the inertial effect if the rotation of the QB is stopped when the lower wheels fall into a hole; • the inertial effect if the QB is stopped while sliding sideways due to the quasi-static failure noted above.
Again, the result of any inertial effect will depend on the mass moment of inertia-in this instance, about a longitudinal axis through the lower ground contact points. However, the mass moment of inertia values are not known; thus for the purposes of this argument, we must, pro tem, seek a surrogate variable that will illustrate the differences between the various QBs.
Using the variables shown in Figures A1 and A2 , a plot of M versus the parameter M. [(r + y g ) 2 + (t/2) 2 ] (which provides a measure of the moment of inertia about the lower wheel ground contact points), gave a significant linear and highly correlated relationship (correlation coefficient 0.99) between these two variables; this justifies the use of mass for this argument.
A plot of static lateral instability angle (tan γ) versus mass shows that the work QBs, which have a ±5% variation in that angle, could therefore be expected to have a ±30% variation in mass moment of inertia. If the dynamic effects are added to the static and quasi-static effects as they may be in actual operation, the differences between makes are likely to be at best confusing, and at worst unreliable as a basis for ranking QBs in lateral operational instability.
General Instability
We can assume that the potential purchaser, seeking the most stable QB, would want at least moderate stability in both modes. To not suffer trauma in one mode is no consolation for a rider if they suffer trauma in the other.
Thus, if the static longitudinal and lateral instability angles are to be used as suitable parameters to represent the overall instability, we would want them to be at least moderately correlated. Figure 4 suggests that this does not appear to be so for the eight work QBs tested by the UNSW [2] ; the values at (0.78:1.25) coincide. This data suggests that there is no established trend among manufacturers in designing QBs that are more stable in both directions; nor does it offer much hope for the evolution of static stability parameters greater than approximately 1.3 for tip-up and 0.82 for roll-over.
Thus, if the static longitudinal and lateral instability angles are to be used as suitable parameters to represent the overall instability, we would want them to be at least moderately correlated. Figure 4 suggests that this does not appear to be so for the eight work QBs tested by the UNSW [2] ; the values at (0.78:1.25) coincide. This data suggests that there is no established trend among manufacturers in designing QBs that are more stable in both directions; nor does it offer much hope for the evolution of static stability parameters greater than approximately 1.3 for tip-up and 0.82 for roll-over. 
Conclusions
The instability of QBs and the associated trauma raises a complex set of mechanical, human and environmental problems. One approach to the solution is to seek to identify the technical characteristics that define the instability processes, not only in an idealized, static way, but also in the context of their dynamics and the variable environments in which they occur. 
The instability of QBs and the associated trauma raises a complex set of mechanical, human and environmental problems. One approach to the solution is to seek to identify the technical characteristics that define the instability processes, not only in an idealized, static way, but also in the context of their dynamics and the variable environments in which they occur.
Previous work at UNSW associated with the measurement of the angles of static instability for the eight work QBs (effectively defined by their dimensional parameters) was designed to allow their ranking, and so provide information by which prospective purchasers could choose between more stable and less stable machines [2] . It was implied that this will place commercial pressure on the manufacturers of the latter to improve their stability. However, the results suggest that this will be of limited value because the differences between the machines were small-±10% for both rear tip-up and for roll-over modes of instability.
For the QB to become unstable, the shear strength of the soil/wheel patch must exceed the shear force due to the wheels. However, it appears that for many soils this will not be the case, and hence the QB will never reach the slope for static instability; the wheels will slip or slide off. This of course may bring its own issues of control and a resultant dynamic instability.
However, the operational stability of QBs (on which the rider ultimately relies) is a function, not only of the static effects discussed above, but also of the quasi-static effects such as the rolling resistance and centrifugal 'force', which in turn are based effectively on the mass of the QB. In operation, these will contribute to the overturning moment on the chassis, and hence any differences in mass will further blur attempts to distinguish between safer and less safe vehicles.
In addition to static instability parameters, there may be an additional dynamic component that arises from the inertial properties of the chassis and the wheels. Most QB operational instability will occur under these dynamic conditions and hence any realistic and practical discrimination between safer and less safe vehicles would need to consider both contributions to the instability.
In general terms, given the complex and daily changing, rural environment in which many QBs operate, it is unlikely that all the inherent dangerous features can be eliminated by design, all the operational errors can be avoided by education, and all the mis-perceptions by the rider can be correctly perceived.
J. Lock, the Queensland Coroner, cites others who correctly state: " . . . that people will make mistakes and that crashes will occur, but the punishment for making a mistake should not be death or serious injury. The focus should be on safer people (through training and education), but also on safer vehicles (that are forgiving of minor lapses in attention, minor errors of judgment, and that mitigate against injury risk if a crash occurs)" [5] .
It is suggested that the best basis for such forgiveness is not to wait in expectation of some incremental changes in the static stability based on changes in basic chassis design. Rather, given the fact that occurrences of operational instability are statistically inevitable and analytically unpredictable (although many are probably avoidable), further research to reduce dynamic effects by improving suspension, steering and other features of the rolling chassis should be continued. It is also suggested that, following the road vehicle and tractor industries, further research on the inclusion of energy absorbing features in ROPS design should be undertaken. These suggestions could all be expected to help protect the rider in the complex circumstances that can be foreseen and also in those that cannot.
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Appendix A. Longitudinal Operational Instability
This analysis of a QB, in a condition of impending, rearward, operational instability shown in Figure A1 , is presented as an extension of the simple, steady-state analysis given by Macmillan [4] .
It should be noted that a rear wheel drive vehicle will not tip as a rigid body, rather the chassis will tip by rotating about the rear axle as the result of the moment (M c ) that acts on it as a reaction to the moment on the wheels (M w ). It is this former moment, and this moment alone, which tips the chassis of the QB over rearwards.
The moment arises from the static and quasi-static forces resisting motion of the QB up the slope, viz:
• static: the component of the weight down the slope; • quasi-static: the rolling resistance of the wheels and any drawbar pull.
One significant limit on these forces, and hence on the moment that will tip the QB up, is the tractive capacity of the soil/wheel interface to generate a reaction (H) on the driving wheels to drive the QB forward. The simple non-dimensional measure of this capacity is the 'traction coefficient', which is defined as the ratio of the tangential (shearing) force to the radial (normal) force at the soil/wheel interface. It is usually given the symbol tan θ. (The only addition would be any impact on the front wheels that acted perpendicular to the slope and did not have any influence on the value of H).
For the purposes of this paper, instability is assumed to have occurred when the front wheels leave the ground.  quasi-static: the rolling resistance of the wheels and any drawbar pull.
For the purposes of this paper, instability is assumed to have occurred when the front wheels leave the ground. If at an angle α' the front wheels just leave the ground, representing impending instability:
resolving perpendicular to the slope:
resolving along the slope:
taking moments about C for the wheels:
taking moments about C for the chassis: If at an angle α' the front wheels just leave the ground, representing impending instability:
resolving perpendicular to the slope: V r = W cos α' (A2) resolving along the slope:
taking moments about C for the chassis:
M c + W sin α'. y g = W cos α'. x g (A5)
but:
substituting: W sin α'. r + W cos α' . x' + W sin α'. y g = W cos α'. x g (A7)
thus, the coefficient of traction for static and quasi-static conditions will be:
if the rolling resistance of the wheels is neglected, x' will be zero and the coefficient of traction for static conditions will be: tan α = x g r + y g (A9)
Appendix B. Lateral Instability
In driving across a slope, the forces will be as shown in Figure A2 . 
In driving across a slope, the forces will be as shown in Figure A2 . If impending instability is represented by the upper wheels just leaving the ground, the angle of impending instability tan γ, by rolling over, can be obtained by taking moments about the lower wheel ground contact point.
W sin γ (r + yg) = W cos γ
tan  (14) Figure A2 . Vehicle being driven across a slope, angle γ.
If impending instability is represented by the upper wheels just leaving the ground, the angle of impending instability tan γ, by rolling over, can be obtained by taking moments about the lower wheel ground contact point.
W sin γ(r + y g ) = W cos γ t 2 (A10) tan γ = t 2 r + y g (A11)
